Contact fatigue damages on the rail surface, such as head checks and squats are a growing problem. The fatigue cracks forming on the contact surface grow according to load and lubricating conditions and may end up breaking the rail. Rail fracture can be avoided by preventing the cracks from reaching the critical length. Therefore, the crack growth rate needs to be estimated precisely according to the conditions of the track and load to develop a maintenance plan against rail damages. Therefore, it is important to understand the mechanism of cracks initiation and growth on a rail due to repetitive rolling contact. In this study, we have investigated the crack growth behavior on the rail surface by using the twindisc tests and the finite element analysis.
Introduction
Squat and head check, the contact fatigue damages that occur on the rail surface, are being raised as important issues [1] [2] [3] . Squats are known to occur in straight track and curves with a large radius. Head checks are mainly caused by repetitive plastic strains in high rail of curves. Squats are formed on the dent or WEL (white etching layer) on the surface of a rail or are caused by racheting from traction of a power driving car, such as locomotives. Sqauts accompny dark spots including cracks. Cracks grow on the head of a rail. At first, they grow at a shallow angle on the surface and then, when the depth becomes approximately 3-5 mm, the cracks grow downward and ultimately reach the rail fracture [4] [5] [6] .
The fatigue cracks forming on the contact surface grow according to load and lubricating conditions and may end up breaking the rail. As maintenance of a surface with cracks, the rail surface is grounded to remove the cracks formed. It is important to set the optimal grinding period and depth because grinding rapidly increases maintenance costs. Therefore, it is neccessary to understand the mechanism of crack initiation and growth on a rail due to repetitive rolling contact. The crack growth rate is affected by a variety of parameters, such as vertical and traction load, friction coefficient on the surface, and friction coefficient on the crack face. A large number of reseachers have studied the effect of these parameters on crack growth rate [7] [8] [9] . In general, it is known that the crack growth rate changes according to the magnitude of contact and bending load after crack initiation [11] . However, there have not been sufficient studies conducted to date to verify the relationship between the crack growth rate and the variety of parameters as cracks grow from the initiation stage.
In this study, we have conducted contact fatigue tests and finite element analysis using small specimens in order to assess the crack growth behavior occurring on a rail.
Rolling Contact Fatigue Test

Specimens and test conditions
A test using specimens was carried out in order to investigate the crack growth behavior on a rail. Fig. 1 shows the locations from which test specimens were cut. As shown in the figure, wheel specimens were cut from the head of a wheel and rail specimens were also cut from the head of a rail. The wheel and rail specimens were prepared so that the diameter and thickness were 50 mm and 10 mm respectively. As conditions for a test to assess the contact fatigue crack initiation and growth mechanism, the contact pressure and slip ratio at contact surface were applied to 1100 MPa and -1%, respectively. The test velocity was kept at 500 RPM. When the set cycle was reached, the test equipment was stopped and damage on the contact surface was investigated. As the lubricating condition, water was continuously dropped to the contact surfaces. Fig. 2 shows a test specimen mounted on the test equipment. Fig. 3 shows changes in torque and friction coefficient that occurred during a rolling contact test. Since lubrication was applied, torque occurred up to 1.8 kg.m in the beginning. However, as the number of cycles increased, the torque value decreased and then started increasing after
Test results
7×10
5 cycles. The friction coefficient was as high as 0.17 in the beginning, decreased as the number of cycles increased and then increased again. Fig. 4 shows the crack initiation and growth on the surface of a specimen according to the number of cycles. Fig.  4a shows the surface of a specimen tested up to 5×10 5 cycles, which maintains smoothness as a whole without any cracks. Fig. 4b ) shows the result of a test up to 7×10 5 cycles, which indicates cracks throughout the surface. In some cases, fine cracks became connected to one another, with total length as large as 1mm. Fig. 4c shows the result of a test up to 8×10 5 cycles. The cracks grew or became connected to measure as much as 2 mm total length. In some parts, the shelling occurred where the contact surface fell off. Fig. 4d shows the result of a test up to 1×10 6 cycles and it indicates shelling all over the test specimen. The shelling took place in various sizes, with surface damages measuring approx. 1mm in length and 0.5 mm in width occurred. Fig. 5 shows changes in micro-hardness in the depth direction from the contact surface under the lubricating condition. At the highest hardness, 340 HV was measured 200 µm below the surface. As a depth from the surface increased, the hardness decreased and ultimately reached 300HV. The friction coefficient under the lubricating condition was 0.1-0.2 and this was relatively smaller than the maximum friction coefficient of 0.5 under the condition of no lubrication and therefore, the position of the largest hardness was below the surface and the hardness was also smaller.
Finite Element Analysis and Crack
Growth Evaluation
Analysis conditions and model
Crack initiation and growth behavior were analyzed through a rolling contact fatigue test using specimens. On a contact surface, excessive deformation occurs because the area of contact is small and this results in crack initiation. The contact load extensively applied only on the contact surface and the effect decreases sharply according to the depth from surface. To predict the crack growth rate within a depth affected by the contact load, it is necessary to calculate the stress intensity factor by the contact load. Therefore, finite element analysis were conducted in order to evaluate the fatigue crack growth behavior according to the crack length and load conditions under rolling contact.
For the analysis model, a rolling contact fatigue test specimen was modeled as a two-dimensional plain strain. Fig. 6 shows the analysis method. The changes of stress intensity factor according to the applied load were investigated by moving the hertz load. Fig. 7 shows a twodimensional finite element model for rolling contact analysis. It was modeled with an inclined crack at 30×, which is the same as in the test using specimens. In addition, to increase the accuracy of analysis, 1/4 node elements were used at the crack tip. The hertz load is applied by equation (1) and the traction and braking load were modeled as the horizontal load using equation (2). For the friction coefficient between crack faces, the Column model was used.
(1) (2) Fig. 8 shows changes of stress intensity factor under pure rolling without the tangential load (µ s =0.0). In Mode I, the crack opened as the contact load moved and the crack closed when the contact load passed over the crack. The crack opened again after the load passed over the crack. In Mode I, the value is "0" when cracks are closed. In Mode II, the value increased as the contact load moved toward the crack and, when the load passed over the crack, the slip direction of the crack faces changed and the stress intensity factor values indicated opposite signs. Comparing the Mode I and Mode II values, the Mode II value was larger and this indicates that the crack growth was due to Mode II.
Analysis results
To investigate changes of stress intensity factor according to the crack length, analysis were carried out by changing the length of cracks from 0.25 mm (a/b = 1.0) to 2 mm (a/b = 8.0). Fig. 9 shows changes of K II according to the crack length when the friction coefficient is 0.1. In the initial phase, K II (+value) by the forward slip increased rapidly as the crack length increased. K II (-value) by the backward slip also increased rapidly and therefore the overall amplitude increased. However, when the length of cracks exceeded a certain value, K II amplitude decreased. Fig. 10 shows changes of ∆K I and ∆K II according to the crack length when a friction coefficient of 0.1 is applied. In case of ∆K I , the magnitude decreased by a value of 2 or less. However, in case of ∆K II , the size increased as the length of cracks increased and then decreased after a/b=3. Fig. 11 and Fig. 12 show changes of K II and ∆K according to the length of cracks when the friction coefficient is 
Crack Growth Rate Evaluation and Discussion
The crack growth rate varies according to the magnitude of ∆K (Kmax -Kmin). In general, it is evaluated using the following equation.
where da/dN is the crack growth rate per cycle, ∆K is the range of stress intensity factor and both C and m are materials constants.
When Mode I and Mode II are combined, ∆K eq (equivalent stress intensity factor range) is required and the following formula is used. For the crack growth rate contact fatigue, equation (5) was used [10] .
(4) (5) Where, ∆K th is the stress intensity factor threshold. It is the mechanical property of rail material and therefore 4 MPa m was used. Fig. 13 shows the crack growth rate according to the crack length. As a result of the analysis, it was found that the crack growth rate increased as the crack length increased. However, the crack growth rate increased when the crack length exceeded a certain value. The length at which the crack growth rate is the highest is when a/b = 3. When crack length is smaller than a/b = 3, the crack growth rate increased as the friction coefficient increased. However, after a/b = 3, crack growth rate was similar regardless of the friction coefficient. This is because the effect of contact stress disappeared.
Conclusion
Contact fatigue test using specimens and finite element analysis were conducted in order to evaluate the fatigue crack growth mechanism occurring on a rail according to lubricating condition. The following conclusions were found:
1. Under the condition of lubrication, cracks occurred on most contact surfaces. The cracks continuously grew due to the contact pressure. In addition, crack growth rate was accelerated by the effect of hydrostatic pressure. In addition, shelling occurred where a part of contact surface fell off.
2. Surface crack growth rate increased as the crack length increased. However, the crack growth rate decreaed when the crack length exceeded a certain level. 
